chromatography was successfully applied to identify a group consisted of 128 compounds, each individually purified following synthesis (compounds labeled as NG target of one of these inhibitors as NADP-dependent quinone oxidoreductase (NQO1). A role for NQO1 in inor YC). In addition, a combinatorial library of 1433 compounds was synthesized (NSG001 library; described in fluencing microtubule dynamics was confirmed through inhibition studies using known inhibitors and immuno-
[9] and in the Supplemental Data online at http://www. chembiol.com/cgi/content/full/11/1/135/DC1/). A few depletion. Therefore, this approach provides an entry point for discovering and characterizing the roles of compounds in these libraries have been previously shown to inhibit other CDKs, including Cdk1 and Cdk2 novel proteins required for microtubule morphogenesis and cell division.
[7, 10]. However, many compounds did not inhibit CDKs in vitro, and we therefore chose to screen both libraries to identify inhibitors of novel kinases or other factors Results involved in spindle or microtubule function.
2,6,9-Trisubstituted Purines Are Potential Kinase Inhibitors Phenotypic Screen to Identify Inhibitors of Spindle Assembly In order to identify novel mitotic inhibitors, we chose to screen a combinatorial library of 2,6,9-trisubstituted
To identify inhibitors of spindle formation, the purine libraries were screened using an in vitro spindle assempurine compounds. This strategy was based on the observation that a purine, olomoucine ( Figure 1A . The purine ring mimics the purine were incubated with individual purine compounds at a final concentration of 100 M. An equal amount of the ring of ATP, and the three substituents make specific interactions with the nucleotide binding pocket. Intercompound solvent DMSO was used in control reactions, and in all cases X-rhodamine-labeled tubulin was added estingly, olomoucine was shown to bind to kinases in a novel way, with the purine ring rotated 160Њ compared to allow visualization of microtubules by fluorescence microscopy. After a 45 min incubation at 20ЊC to allow to the purine ring of ATP. Modification of the three substituents led to a greatly improved Cdk2 inhibitor, purvamicrotubule polymerization and organization around sperm chromosomes, samples of each reaction were lanol B (IC 50 ϭ 6 nM) ( Figure 1A ) [7] . Therefore, this study and others demonstrated that purines could be potent squashed between a slide and coverslip and visually screened to identify compounds that caused defects in and selective inhibitors of kinases [2, 7, 8] .
Using these compounds as a model, two libraries of spindle morphology compared to the control. This in vitro assay has been used to study the roles of many 2,6,9-trisubstituted purines were synthesized. The first (B) Tubulin pelleting assay. Microtubules were assembled in vitro by combining purified bovine brain tubulin with 5% DMSO and incubating at 37ЊC. Polymerized microtubules were then pelleted through a sucrose cushion and samples of the supernatant and pellet were run on a 10% gel and Coomassie stained. To determine if individual purine compounds inhibit microtubule polymerization, compounds were added to these reactions at 500 M. Shown are examples of compounds, such as diminutol and YC88, which had no effect. In contrast, YC53 depolymerized microtubules, shifting the tubulin to the supernatant fraction. (C) Summary of the purine library screen. 1561 compounds were screened and grouped into the categories shown in (A).
proteins implicated in spindle assembly and mitosis [11] valanol, Figure 1A ) was previously characterized in Xenand is ideal for compound screening since it is fast and opus egg extracts and was shown to inhibit the master simple [12]. Although it does not fully mimic in vivo mitotic kinase Cdk1 [2] . To determine if the other seven spindle assembly since the chromosomes do not replipurine compounds also inhibited Cdk1, histone H1 kicate, the same essential proteins for spindle assembly nase assays were performed on extracts treated with are utilized. The assay protocol is schematized in each compound. Each of the compounds lowered his- Figure 1B .
tone H1 kinase activity to interphase levels (data not shown), suggesting that this class of compounds targets Cdk1.
Phenotypes Visualized in Purine Library Screen
Another class of 54 compounds caused defects in A variety of microtubule structures formed in the presmicrotubule organization, resulting in abnormal microence of different purine compounds. These phenotypes tubule arrays. The most common structures observed were divided into four general classes, examples of in this category were large astral microtubule arrays. To which are shown in Figure 2A : normal spindles, abnordetermine if these compounds altered the cell cycle mal microtubule structures, interphase microtubule state of the extract, histone H1 kinase assays were perarrays, and small spindles. A summary of this screen is formed for the most potent compounds. Interestingly, shown in Figure 2C . the extracts with astral microtubule arrays also had lowEight compounds resulted in the formation of inered histone H1 kinase activity, but the levels were interterphase microtubule arrays and decondensed chromomediate between mitotic and interphasic extract (data somes, indicating that the extract had exited mitosis. One of these compounds, NG97, (also called aminopurnot shown). Since microtubules are more stable in in- terphase, this phenotype is likely to arise at least in consists of two closely related compounds, which differ only slightly on the C6 substituent ( Figure 3A) . Class 2 part from incomplete inactivation of Cdk1, resulting in microtubule stabilization and ectopic aster formation.
consists of six compounds that all have a C2-hydroxyethylamino group ( Figure 3B) . Finally, the remaining Since we were interested in identifying inhibitors of novel proteins involved in microtubule morphogenesis, we did seven compounds share a C2-4-methoxybenzylamino side chain ( Figure 3C ). not characterize these potential weak Cdk1 inhibitors further.
Finally, a class of 155 compounds caused microtubule Characterization of Inhibitors in Xenopus Egg Extract depolymerization, shrinking microtubules and resulting in a small spindle phenotype. To determine if this phenoNext, we wanted to determine if these inhibitors targeted proteins that regulate microtubules throughout the cell type was due to a direct effect on tubulin polymerization, each of the 155 compounds was incubated with pure cycle or whether they might be targeting mitotic-specific proteins. Therefore, the extract was cycled into intubulin, and microtubule assembly was monitored using a quantitative pelleting assay ( Figure 2B) . Most of the terphase by adding calcium to trigger inactivation of Cdk1, and then the compounds were added at 100 M compounds tested (140/155) inhibited pure tubulin polymerization to some extent. Many of these tubulin inhibito this interphasic extract. All 15 compounds depolymerized microtubules in interphase, suggesting that they tors are structurally similar to compound 210 (also called myoseverin, Figure 1A ), a member of the purine library target proteins that act throughout the cell cycle (data not shown). In addition, we wanted to determine if the that has been shown to inhibit microtubule polymerization in vitro and in vivo [ assay (data not shown), suggesting that they target prothiophenyl-9-isopropylpurine scaffold onto resins containing 96-diverse amines. The desired C2 diverse library teins involved in the global regulation of microtubule dynamics.
was then obtained after cleavage of the acid labile linker. The C6 library was constructed by nucleophilic displacement at C6 of a 2-(2-hydroxyethylamino)-6-(benzenesulDiminutol Inhibits Microtubule Polymerization in Xenopus Egg Extracts fonyl)-9-isopropyl purine immobilized to a dihydropyran linker through the primary alcohol. Screening the C6 We next characterized one of the most potent spindle inhibitors, NG72, in detail. First, both the enantiomers library at a concentration of 100 M in Xenopus extracts revealed that only compounds containing a C6-thioether were prepared and tested in Xenopus egg extracts and in the tubulin pelleting assay. Although both compounds retained the short microtubule phenotype ( Figure S1A ). Several differently substituted thiophenyl substituents retained activity, the (R)-enantiomer was more potent, and we therefore named it diminutol since it causes were tolerated at C6, indicating that the 3-amino functionality of diminutol is not necessary for activity. Remicrotubules to be diminished ( Figure 4A ). In both interphase and mitosis, addition of 100 M diminutol placement of the C6 thioether with an oxygen or oxidation to the sulfone also resulted in a loss of activity. Figure S1 ). The C2 library was constructed by capturing a 2-fluoro-6-and inactive members of the C2 library did not lead to any clear conclusions about functionality required at the C2 position. As the active compounds were only characterized in the spindle assembly assay, it remains to be determined if their mechanism of action is similar to that of diminutol. In addition to compounds that retained inhibitory activity, we also identified compounds that were structurally similar to diminutol that no longer destabilized microtubules in Xenopus egg extracts. One of these derivatives, YC88, was used throughout this study as a control compound ( Figure 4A ). ogy ( Figure 4B ). These results suggest that the compound is not a general inhibitor of cellular processes nutol matrix had defects in microtubule formation and but, instead, seems to have a more specific effect on spindle assembly, whereas control-matrix-treated exthe microtubule cytoskeleton. Since we had previously tracts were normal ( Figure 5B ). This result suggested demonstrated that diminutol did not inhibit tubulin polythat one or more proteins binding to diminutol were merization directly ( Figure 2B ), we next sought to identify affecting microtubule polymerization. To identify these its functional target. potential targets, beads retrieved from the extracts were washed under mild detergent conditions, and the bound proteins were eluted with sample buffer and analyzed Potential Diminutol Targets Identified through Affinity Chromatography by SDS-PAGE. Two major bands at approximately 32 and 35 kDa were found to be reproducibly enriched on To identify the protein targets of diminutol, affinity matrices were constructed using the compound or one of the diminutol matrix ( Figure 5C ). Addition of excess free diminutol to the extract eliminated binding of both of the inactive derivatives coupled to agarose beads (Figure 5A) . Diminutol was coupled through the C6-thiophethese proteins to the diminutol matrix (data not shown), demonstrating that the interactions were specific and nyl substituent to mimic the immobilization strategy that was successful for identifying the cellular targets of the saturable. For protein identification, the bands were digested in-gel by trypsin overnight and the extracted structurally similar purine Cdk1,2,5 inhibitor purvalanol [2, 4, 5]. The linker-modified version of diminutol retained peptides were analyzed by matrix-assisted laser desorption ionization time of flight mass spectrometry activity in Xenopus egg extracts, suggesting that the linker did not prevent association of diminutol with its (MALDI-TOF MS). The most abundant peptides were then chosen for de novo sequencing. The sequence protein target. The matrices were incubated in extracts, retrieved, and spindle assembly reactions set up using information obtained from this analysis was used in BLAST searches, which revealed the proteins to be two the depleted extracts. Extracts depleted with the dimi- trations to Xenopus egg extract containing sperm nuclei to stimulate spindle formation, these inhibitors caused To determine whether the proteins identified biochemically were indeed functional targets of diminutol, microtubule depolymerization, largely mimicking the phenotype induced by diminutol treatment ( Figure 6A ). a separate approach was used to independently inhibit their functions. Addition of antibodies against LeukoOne caveat to the use of chemical inhibitors is that they may be binding to multiple cellular factors, making triene B4-12-hydroxydehydrogenase or the purified recombinant protein to Xenopus egg extracts did not their specificity for NQO1 unclear. Therefore, we also used an immunodepletion approach to inhibit NQO1. reveal any effect on microtubule dynamics. Though we cannot completely rule out a connection between Peptide antibodies were raised against Xenopus NQO1 using sequences obtained from mass spectrometry Leukotriene B4-12-hydroxydehydrogenase and microtubules based on these data, we chose to focus on analysis ( Figure 6B ). The peptide chosen was well conserved in the human and mouse sequences, and the characterizing NQO1, a quinone oxidoreductase involved in redox regulation.
Diminutol Reversibly Inhibits Microtubule Polymerization in Somatic Cells
antibody recognized the 32 kDa band enriched on the diminutol matrix by immunoblot (data not shown). Although the antibody also crossreacted with a few other NQO1 Regulates Microtubule Polymerization Diminutol was determined to be a competitive inhibitor extract proteins, NQO1 was the only protein it recognized that was enriched on the diminutol matrix. Using of purified human NQO1 with respect to NAD(P)H, with an K i of 1.72 M (S. Chen and K. Wu, personal communithis antibody, NQO1 was immunodepleted from Xenopus egg extracts. Microtubules were much sparser in cation). To determine if NQO1 inhibition was responsible for the effect of diminutol on the microtubule cytoskelethe depleted extracts, and there were defects in spindle assembly consistent with the inhibitor phenotypes (Figton , other methods were used to inhibit NQO1 activity in Xenopus egg extracts, and the effects on the microure 6C). However, addition of recombinant human NQO1 did not rescue the depletion phenotype (data not tubule cytoskeleton and spindle assembly were evaluated. The first approach was to test several compounds shown). Although this failure to rescue might be explained by differences between the Xenopus and human that have been previously shown to inhibit the activity of NQO1 in vitro. These include cibacron blue, chrysin, proteins, we cannot be certain that NQO1 was the only protein affecting microtubule stability depleted in this experiment until an add-back can be performed with Xenopus NQO1. In conclusion, inhibiting NQO1 function with chemical inhibitors or by immunodepletion mimics the effect of diminutol on microtubules, suggesting that NQO1 is a functional target of diminutol. However, it is possible that inhibition of other proteins could contribute to the phenotypes observed.
Diminutol Depolymerizes Microtubules in High-Speed Extracts
Although NQO1 is a cytoplasmic protein, it is related to a family of mitochondrial oxidoreductases. These proteins are involved in reducing quinones in the respiratory chain and are important for proper cellular metabolism. Therefore, it is possible that diminutol inhibits these oxidoreductases in addition to NQO1 and that the phenotype of diminutol addition could be caused by disrupted mitochondrial function. In order to test this hypothesis, we assembled microtubule structures in high-speed Xenopus egg extract, which was centrifuged at 200,000 ϫ g for 2.5 hr to remove mitochondria. After addition of the microtubule-stabilizing agent DMSO, microtubules polymerize and are then organized into an aster by molecular motors ( Figure 7A ). Addition of diminutol to this reaction caused microtubule depolymerization, just as it had in low-speed extracts. Although we cannot rule out the possibility that residual mitochondria are present in the high-speed extract, it is likely that the effect of diminutol on the microtubule cytoskeleton is not related to mitochondrial function. In this study, we have shown that another role for NQO1 without affecting microtubule integrity, further indicating is to maintain the integrity of the microtubule cytoskelethat the effect of diminutol on the microtubule cytoskeleton. The mechanism by which NQO1 exerts its effects ton is unrelated to free radical production. This experion microtubules is unknown, although previous studies ment suggests that the effect of NQO1 inhibition on suggested several possibilities. First, NQO1 inhibition microtubules is independent of oxidative stress. We procould cause the extract to accumulate free radicals and pose that in addition to preventing oxidative stress, enter an oxidatively stressed state, resulting in micro-NQO1 function is required to maintain the integrity of tubule depolymerization. We have shown that diminutol the microtubule cytoskeleton.
does Another explanation for the effect of NQO1 inhibition We have applied a biochemical method to identify the on microtubules could be that NQO1 is required to retarget of a compound that destabilizes microtubules in duce one or more specific quinones important to mainXenopus egg extracts. By comparing the proteins that tain the cytoskeleton. Such quinones could function dibound to an active and inactive version of the inhibitor, rectly or as cofactor for a required enzyme. Alternatively, we identified two candidate target proteins. Subsequent it is possible that reduction of a specific quinone (or characterization of these potential targets led to the multiple quinones) is required to prevent chemical toxicdiscovery of a novel regulator of microtubule morphoity. For example, if a particular quinone was capable genesis, NQO1.
of causing microtubule depolymerization in its oxidized form, reduction of the compound by NQO1 might be required to protect the microtubules from destabili-2,6,9-Trisubstituted Purines Can Inhibit zation.
NADP Binding Proteins
Lastly, the effect of NQO1 on microtubules could be The identification of NQO1 as a target of diminutol was direct. NQO1 could physically associate with microinitially a surprise. Previously, various 2,6,9-trisubstitubules or with regulatory proteins to modulate microtuted purines had been characterized as cyclin-depentubule function. For example, it is possible that tubulin dent kinase (CDK) inhibitors . If this observation is correct, another class of compounds inhibited histone H1 kinase NQO1 could be required to reduce disulfides so that activity to some extent, suggesting that they could be tubulin is able to polymerize. However, Chaudhuri and less potent inhibitors of Cdk1. However, biochemical colleagues reduced tubulin disulfides using DTT and analysis of diminutol revealed that the two proteins enfound that reduction inhibited microtubule assembly, riched on the compound matrix were not kinases but, contradicting the other study [19] . Therefore, further instead, NADPH binding proteins. We subsequently work will be needed to test this model. Measuring the demonstrated that diminutol was a competitive inhibitor disulfide bond content of tubulin retrieved from extracts of human NQO1 with respect to NADPH, suggesting that in the presence and absence of diminutol could shed the compound interacts with the NADP binding site. light on this controversy. Therefore, in addition to kinases, 2,6,9-trisubstituted puIn support of the hypothesis that NQO1 directly affects rines can inhibit other classes of nucleotide binding protubulin polymerization, our preliminary experiments indicate that NQO1 binds to pure tubulin in vitro (data not teins. In this study, we have applied a chemical approach to that did not affect tubulin polymerization were retested at 500 M, yielding 15 compounds that had no effect at either concentration.
the Xenopus egg extract system and have identified Pelleting assays were also performed for diminutol using Xenopus a novel regulator of microtubule dynamics, NQO1. Our laevis tubulin purified from egg extracts [32] to rule out speciesapproach is advantageous because it allows an unbispecificity differences.
ased screening approach to be applied to a powerful biochemical system. This methodology can now be vision.
Biochemical Target Identification Experimental Procedures
Compound affinity matrices were prepared as described ( 
